structured thin films were prepared by using the ion-beam sputtering (IBS) method with changing the growth temperatures from room temperature to 873 K. Then their thermoelectric properties were estimated and the effects of boron on Si/Ge superlattice structure were investigated. It was shown from XRD spectra that samples prepared below 673 K kept the periodic structure, however at exceeding 773 K the structure was broken. Si/Ge multilayer thin films showed larger thermoelectric power than that of bulk-SiGe materials and also Si/GeB multilayer showed decreases of thermoelectric power with increasing growth temperature, which is related to the increase of carrier concentration by boron activation. As for the resistivity, since the Si/GeB multilayers had lower values of the resistivity than that of Si/Ge multilayers, a boron doping effect was identified. In both Si/Ge and Si/GeB, the resistivity had a minimum at 673 K. Since the multilayer structure holds up to this temperature, the decrease in the resistivity can be attributed to the increase in the carrier mobility of the layer with a lower band gap. As a result, Si/GeB showed the larger power factor than that of Si/Ge multilayer at 673 K.
Introduction
Thermoelectric materials, which enable direct energy conversion from the thermal to the electrical energy, have a lot of merits, such as low environmental load, silent operation and long life time since there are no moving parts. Recently, thermoelectric materials with a large figure of merit Z are expected to be realized by introducing low dimensional structures such as quantum well. 1, 2) The figure of merit Z is defined by the following equations,
where P is power factor, is thermal conductivity, is thermoelectric power, is electrical resistivity. The power factor is commonly used for materials of which the thermal conductivity is difficult to measure. In order to achieve higher Z, large thermoelectric power, low electrical resistivity and low thermal conductivity are required. ZT, multiplying Z with absolute temperature T, is called non-dimensional figure of merit and ZT > 1 is one of the benchmarks for practical use of thermoelectric materials.
SiGe is known as a thermoelectric material with superior thermoelectric properties in a high temperature region, although its performance around room temperature is not sufficient for practical application. However, recently it is reported that thermoelectric conversion devices using Si/Ge superlattice structure 3) and Au doped SiGe thin films showed anomalous large thermoelectric power. 4, 5) It is considered that Si/Ge thin films have a possibility to improve the performance and to be applied to thermoelectric materials like infrared sensors. Being similar to Au doping, it is believed that B doping could improve thermoelectric properties due to carrier confining effects. While B doping into SiGe films by conventional doping technologies is limited to 5 Â 10 20 cm À3 , 6) in our previous studies, the Si/Ge superlattice films were successfully deposited by the alternate sputtering of Si and Ge targets using the ion-beam sputtering technique, [7] [8] [9] and heavily B doping has been performed using a Ge target doped with B as high as 10 at%. Analyzing the B-doped Ge film by EPMA, B concentration as high as 6 at% (2:7 Â 10 21 cm À3 ) was found to be doped in the film. 8) Moreover its good thermoelectric properties at room temperature attracted much attention. 9) In this paper, Si/Ge and Si/GeB multilayers were prepared by the ion-beam sputtering technique and the effects of B doping on their thermoelectric properties at room temperature were discussed.
Experiments
SiGe and SiGeB thin films were prepared using an ionbeam sputtering instrument. A schematic representation of the apparatus is shown in Fig. 1 . The apparatus consists of a fabrication chamber, a sample load lock chamber and an ion source. A turbo molecular pump is used for evacuating the À6 Pa. Hot cathode type (Kaufman type) was used as the ion source for sputtering. Then Ar ion beam with acceleration voltage of 500 V and acceleration current of 30 mA was generated. SiGe and SiGeB thin films were prepared by sputtering Si, nondoped Ge and GeB (boron: 10 at%) targets respectively with changing growth temperatures from room temperature (RT) to 873 K. Si, Ge and GeB targets were fixed on a revolvable target holder and sputtered alternately by revolving the holder from outside the vacuum chamber. To obtain the desired thickness and the average Si/Ge compositions, the sputtering time was adjusted. Unlike the conventional sputtering technique, substrate heating by plasma radiation can be ignored in this ion-beam sputtering system because the substrates are isolated from the plasma. Gas pressure in the chamber was in an order of 2:7 Â 10 À2 Pa. Si(001) wafers, cut into pieces (22 mm Â 10 mm), were used for the substrate and cleaned by using the conventional RCA method to remove contaminations. Finally the substrates were dipped in aqueous HF solution to remove native oxides. Just before the deposition, the substrates were heated at 773 K for 5 minutes to remove the hydrogen termination formed by a HF dip treatment. If we omitted this process, crystal growth could not be achieved at any substrate temperature lower than 723 K.
Each Sample of both Si/Ge and Si/GeB thin films had a multilayer structure of 25 periods each of which consisted of 3 nm Si and 1 nm Ge(B) layers as shown in Fig. 2 . The total thickness of the samples is 103 nm including 3 nm top-Si layer to avoid Ge oxidation in air.
A surface profilemeter (Dektak 3 ST) was used to measure the thickness of the samples. The film crystallinity and periodicity were characterized by X-ray diffraction (XRD). Electrical properties were measured in the direction parallel to the layers. Electrical resistivity was measured at room temperature by the four-probe method with probe intervals of 1 mm. Samples used for measurement of thermoelectric power were cut into rectangular bars with approximate dimensions of 20 mm Â 4 mm, settled on Ni foils with silver paste and fixed to the alumina bars for installing in the measurement instrument. Thermoelectric power was measured at 323 K under helium atmosphere using a ZEM-2 system (ULVAC-RIKO). The interval between probes was 8 mm. The temperature difference between the ends of the sample was varied from 20 to 40 K.
Results and Discussion
XRD spectrum analysis of Si/Ge and Si/GeB multilayers prepared with changing growth temperatures are shown in Fig. 3 and Fig. 4 , respectively. The crystallinity was evaluated in the high angle spectra (Fig. 3(a) and Fig. 4(a) ) from 65 to 72 , and the periodicity was evaluated in the low angle spectra (Fig. 3(b) and Fig. 4(b) ) from 0 to 6 . The peak at 69. 2 in Fig. 3(a) and Fig. 4 In the high angle region of the Si/Ge multilayer, samples prepared below 673 K do not show any diffraction peaks, while samples prepared at temperatures higher than 773 K have broad peaks at a lower angle than the (004) peak of cSi 0:75 Ge 0:25 as shown in Fig. 3(a) . It is indicated that Si/Ge is amorphous below 673 K, and the crystal growth seems to start at around 773 K. The position of the peak shifts largely from that for c-Si 0:75 Ge 0:25 , showing that either the crystalline phase with a composition of Si 0:75 Ge 0:25 has a compressive stress or the crystalline phase has a Ge-rich composition compared to Si 0:75 Ge 0:25 .
In the low angle region spectra in Fig. 3(b) , samples prepared below 473 K show the first order (n ¼ 1) and the second order (n ¼ 2) diffractions, while samples prepared from 573 K to 673 K show only n ¼ 1 peak. The appearance of the low angle diffraction peak indicates that the samples have multilayer structure with a certain period. The period of the multilayer is estimated to be lower than 4 nm except for the sample prepared at RT. The height of the n ¼ 1 peak decreases with the growth temperature and has a minimum at 573 K. These facts suggest that Si and Ge atoms are intermixed through the interface 10) with increasing the growth temperature. The n ¼ 1 peak becomes sharper and shifts toward lower angle at 623 K and 673 K, but the reason for such behavior is not clear at present. At temperatures exceeding 773 K, there was no peak in the low angle XRD. Therefore, the periodicity of Si/Ge remains from RT to 673 K, and breaks thoroughly at 773 K and 873 K.
It is found from Fig. 4 (a) that there is no diffraction peak in the high angle region of Si/GeB multilayer below 673 K, while at temperatures exceeding 773 K a broad peak appears near the c-Si 0:75 Ge 0:25 (004), suggesting that crystalline Si 1Àx Ge x grows as in the case of Si/Ge multilayer sample. In the low angle region, it is found that the periodicity is maintained below 673 K as shown in Fig. 4(b) , while the peak position of n ¼ 1 shifts to the higher angle position as the growth temperature increases. Moreover, the periodicity breaks at temperatures exceeding 773 K. These tendencies are almost same as Si/Ge multilayer. The complete interdiffusion of Si and Ge occurs and Si 1Àx Ge x alloy crystals are formed at 773 K and 873 K instead of Si/GeB multilayer. Figure 5 shows the thermoelectric power as a function of the growth temperature, where the positive direction shows p-type characteristic. Non-doped Si/Ge multilayers show large values of about 1500 mV/K at all temperature range. Because Si and Ge targets used in preparation were not Investigation of Thermoelectric Properties of Si/Ge Multilayer with Ultra-Heavily B Dopingdoped, it is considered that carrier concentration did not change essentially even if the growth temperature changed. However, these values are several times larger than the values reported in bulk SiGe with similar compositions ($300 mV/K). 11) As for the Si/GeB multilayers, tends to decrease with increasing the growth temperature and turns to an n-type value at 873 K. Although the complicated behavior of against the growth temperature is not explained in detail at present, a few factors affect a concomitantly. When the carrier concentration is small and the effect of the minority carriers on is not neglected at the measurement temperature, the increase in the majority carrier makes increase. When the majority carriers dominantly affect , the increase in the carrier concentration makes decrease. Another factor to affect is defects which may increase when the randomly connected amorphous network is relaxed and crystallized at high temperature. It is reported that the sign of can be changed by the influence of defects. [12] [13] [14] Figure 6 shows the resistivity as a function of the growth temperature. Since Si/GeB multilayers show lower values than Si/Ge multilayers, a boron doping effect can be identified. In both Si/Ge and Si/GeB, tends to decrease with increasing the growth temperature and has a minimum at 673 K. The multilayer structure holds up to this temperature, as shown in Figs. 3(b) and 4(b) . So the decrease in can be attributed to the increase in the carrier mobility of the layer with the lower band gap because the randomness of the amorphous structure reduces with increasing growth temperature. Around the temperature of the minimum , the crystalline phase of Si 1Àx Ge x alloy starts to grow, as shown in Figs. 3(a) and 4(a) . The position of the XRD peak is located far from that for c-Si 0:75 Ge 0:25 , indicating that the crystalline Si 0:75 Ge 0:25 has a large compressive stress or the composition of the crystalline phase is more Ge-rich than Si 0:75 Ge 0:25 . In either case, the carrier mobility is expected to be larger than that of c-Si 0:75 Ge 0:25 . The carrier confinement effect in the narrower gap and higher mobility layer may have a role to give a low . Therefore, has a minimum around this temperature. The increase in at higher growth temperature is thought to be due to the decrease in the carrier mobility of Si 1Àx Ge x alloy crystalline phase 13, 14) with less compressive stress. Figure 7 shows the power factor dependence on the growth temperature. Si/GeB show larger values than Si/Ge below 473 K, keeping constant with increasing temperature. For Si/GeB samples prepared at 673 K, decreases and remains fairly high, so that the power factor has a maximum. As a result, boron doping in Si/Ge multilayers is effective for the improvement of thermoelectric properties.
Conclusion
Si/Ge and Si/GeB thin films with multilayer structures were prepared by using the ion-beam sputtering method, and their thermoelectric properties were evaluated and the effects of boron on Si/Ge superlattice structure were investigated. It is found that good thermoelectric properties can be obtained in Si/Ge multilayers by using heavily B doped Ge layer. Also samples prepared at 673 K showed the best value of the power factor, about 7:1 Â 10 À3 W/mK 2 at RT. 
